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Plant-parasitic nematodes of the family Criconematidae (ring nematodes) are 
distributed worldwide. Although several species are significant pathogens of turf and fruit 
crops, they reach their greatest diversity in natural systems. Ring nematodes are an 
important component of various soil habitats, and several criconematid species often are 
present in a soil sample. One of the most distinctive ring nematodes is the heavily fringed 
Bakernema inaequale, endemic to eastern North America. This nematode has been found 
as far north as Ontario, Canada, and up to the present, as far south as Grundy County, 
Tennessee. This research focused on determining the geographic boundaries and plant 
host associations of B. inaequale, as well as analyzing molecular data to detect any 
genetic variability among populations. Soil samples were collected from diverse habitats 
of non-agricultural land east of the Mississippi River, from the Gulf coast to New 
England, focusing primarily on both sides of the Appalachian chain. At each collection 
site, photographs were taken, GPS coordinates and elevation noted, and surrounding 
vegetation and general soil type documented. Soil samples remained refrigerated until 
processing. After extraction, at least five living specimens from a sample were viewed 
individually on a differential interference (DIC) microscope, given an identification 
number unique to the nematode, imaged, measured, and ruptured with a micropipette tip 
to release DNA. Each nematode was then frozen in a PCR tube, and samples were 
shipped to the University of Nebraska, Lincoln, for DNA amplification using the 
cytochrome oxidase subunit 1 (COI) gene sequence. Molecular analysis indicated very 
little genetic diversity among B. inaequale, with only two specimens collected in 
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Tuskegee National Forest differing significantly from the remaining twenty-five 
specimens. Some morphological differences were noted, primarily relating to annule 
scale size and shape, head region, and tail. However, morphological differences were not 
correlated with molecular differences. This survey expanded the known southern 
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Chapter 1: Introduction 
 
Section 1: Criconematid Project 
Nematodes represent one of the largest groups of metazoans on earth, with nearly 27,000 
described species (Hugot et al. 2001). However, it is believed that this represents only a very 
small fraction of living nematode species, with estimated numbers ranging from 100,000 to 
1,000,000 (Creer et al. 2010). This biodiversity identification gap or “taxonomic deficit,” the 
ratio of known species to unknown species (Blaxter 2005), can be attributed in part to the size of 
these organisms. Soil nematodes are very small—most species are less than 1 mm long (Bernard 
1992). Thus, although nematodes are highly abundant, their size often allows them to be 
overlooked—unless they are responsible for economic loss, such as in an agricultural setting. 
Indeed, the study of agriculturally important nematodes such as root-knot and cyst nematode is 
very important, but in order to better understand all nematode species and the ecological roles 
they play, more research must be done on non-agricultural lands of diverse habitats (Coomans 
2002). 
Plant-parasitic as well as free-living nematodes make good ecological indicators because 
they reflect changes in soil structure and function (Neher et al. 1998), indicate injuries to the soil 
ecosystem (Bongers 1990) and impact soil processes such as nitrogen cycling (Neher 2001). 
Because nematode species move into a disturbed area at different rates, the number of species 
present in soil along with their trophic group can reveal the success of land restoration attempts 
(Smith 2012).  Although many families of nematodes are present in the soil, the family 
Criconematidae (ring nematodes) was chosen for this study because of their “high endemicity, 
poor dispersal capabilities, and lack of specialized survival or dormant stages” as well as their 
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worldwide distribution in habitats varying from tropical to arctic (Powers and Bernard 2012). 
These nematodes also are easy to spot in nematode extracts and have relatively large numbers of 
characters for use in morphological studies.  
The research reported herein was a portion of the Criconematid Project, which seeks to 
document ring nematode species from non-agricultural soils in all 116 North American eco-
regions. This project was funded by the National Science Foundation (NSF) and is a 
collaboration between the University of Tennessee, Knoxville, and the University of Nebraska, 
Lincoln. The Criconematid Project is the most comprehensive study of nematode biogeography 
to date, combining morphological and molecular data to further understand distribution and 
genetic diversity of the family Criconematidae (Powers and Bernard 2012). One of the project 
goals is to establish species boundaries of Mesocriconema, Ogma, Bakernema, Lobocriconema, 
and Xenocriconella, which are members of the family Criconematidae. Although many species 
of nematodes are included in the Criconematid Project, this research was focused on Bakernema 
inaequale.  
Section 2: Bakernema inaequale 
 
 Bakernema inaequale is a plant-parasitic nematode in the subfamily Macroposthoniinae, 
which also includes the genera Mesocriconema and Criconemoides (Geraert 2010). B. inaequale 
was originally described by Taylor (1936) as Criconema inaequale and redescribed by Mehta 
and Raski (1971), who also synonymized B. bakeri Wu (1964) with it. Thus, Criconema 
inaequale, C. bakeri, and B. bakeri are synonyms of B. inaequale (Geraert 2010).  Females are 
approximately 550 µm in length with 60‒70 highly scaled annules. Approximate annule width is 
7‒8 µm.  The stylet is approximately 60‒70 µm long with stout knobs, and the excretory pore is 
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18‒22 annules from the anterior end (Handoo 1988).  The lip region is distinctive in this 
nematode—it is set apart from the nematode body and two spike-like scales typically extend 
from the tip of the lip annule.  This nematode is monoprodelphic, with the vulva on the ventral 
side approximately 5‒6 annules from tail tip (Mehta and Raski 1971). The tail tip has a 
transparent, flat flap-like scale, a character unique to B. inaequale. Because the spermatheca is 
often full of sperm (Cordero et al. 2012), males are presumed necessary for reproduction. Males 
are seen less frequently, are smaller than females (approximately 350‒425 µm long), do not have 
a stylet, and lack the highly scaled annules of a female (Wu 1964). Other genera in 
Criconematidae also have scaled annules, namely Ogma and Crossonema, but scales of 
Bakernema are quite different in appearance.  
Currently it is assumed that B. inaequale is a single species with a broad range in eastern 
temperate North America. However, other Bakernema spp. have been described from other parts 
of North America and on other continents.  Bakernema velatum was described by Mehta et al. 
(1982) from soil collected in Southern Chile. This species was compared to B. variabile, which 
had been described by Raski and Golden (1965) from soil collected in Berkeley, California. 
Bakernema yukonense was described by Ebsary (1982) from soil collected in Yukon Territory, 
Canada. Vovlas (1992) described B. dauniense from soil collected in Italy. Based on the 
descriptions and illustrations of these species, they all are very different from B. inaequale and 
perhaps should be in other genera. Additional study and molecular analysis of freshly collected 
specimens would be required to determine if these species are closely related to B. inaequale.  
Several plant species have been associated with B. inaequale. Mehta and Raski (1971) 
listed Liquidambar styraciflua (sweet gum), Nyssa sylvatica (black gum), and species of maple, 
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pine, and birch as plant hosts.  Hoffman (1974) noted associations between B. inaequale and 
Acer saccharum (sugar maple), Abies balsamea (balsam fir), Betula papyrifera (paper birch), 
and Pinus strobus (eastern white pine). Hoffman and Norton (1976) reported the following host 
plants: Acer pensylvanicum (striped maple), Betula lutea (yellow birch), Fagus grandifolia 
(American beech), Picea rubens (red spruce), and Tsuga canadensis (eastern hemlock). Norton 
et al. (1984) recorded associations with non-cultivated blueberries and rhododendron. 
Liriodendron tulipifera (tulip poplar) was recently added (Cordero 2012) to the list of plants 
associated with this nematode.  
One of the objectives of this study was to determine geographic range and variability of 
B. inaequale. Prior to this study, B. inaequale had only been reported in eastern North America, 
east of the Mississippi River. The westernmost boundary was Lake Tomahawk, Wisconsin; 
northernmost boundary was Ontario, Canada; and southernmost boundary was Grundy County, 
Tennessee. Another objective was to compare morphological characteristics and molecular 
results to determine if B. inaequale is indeed a single species. Additionally, plant host range and 











Chapter 2: Materials and Methods 
 
Section 1: Site selection and soil collection  
 Sampling sites were chosen based on ecoregion (Ricketts et al. 1999), land use, and plant 
communities. Primary focus in this project was placed on Appalachian Ecoregions 16 
(Appalachian/Blue Ridge Forests) and 17 (Appalachian Mixed Mesophytic Forests), but soil 
samples were also collected outside these boundaries in northern Pennsylvania (Ecoregion 15, 
Allegheny Highlands Forests), and in New Hampshire and Vermont (Ecoregion 12, New 
England/Acadian Forests) (Figs. 1, 2). Previous documentation of Bakernema inaequale 
indicated potential plant host associations, and this information was used to determine sampling 
sites within the ecoregions. 
 At each site, GPS coordinates and elevation were recorded, photographs were taken, and 
predominant plant species were recorded on a Field Collection Record Sheet. One of two 
collection methods was chosen for each site. Where possible, a 40×40-m plot was flagged off 
and soil was randomly collected throughout the plot. In areas where this method was impossible 
or too dangerous, a 55-m line was measured and soil was collected in a zig-zag fashion 
surrounding this line. Fifty-five meters is the approximate length of the diagonal transect of a 
forty-meter-square plot. In some locations, focal samples around specific plants and/or plant 
species were taken in order to more precisely determine plant host association range. Plants were 
identified with the aid of standard manuals by Dirr (1998) and Little et al. (2000).
 Approximately two liters of soil was collected at each site with a 2-cm-diameter soil 


















Figure 1. Terrestrial North American Ecoregions. Research was focused mainly on the 
Appalachian Ecoregions 16 and 17 (highlighted on map). Map obtained at nematode. 
unl.edu from original in “Terrestrial Ecoregions of North America: A Conservation 








Figure 2. Known locations of Bakernema inaequale in eastern North America. Circles 
represent sites where B. inaequale was collected for this research (Vermont, New 
Hampshire, Pennsylvania, West Virginia, Tennessee, North Carolina, and Alabama). 
Stars indicate prior collection of B. inaequale (Vermont, New Hampshire, Wisconsin, 





labeled with the abbreviation of the state collected, the collection date, and the number of sample 
taken on that date. For example, a bag labeled OH20131109-05 would indicate that this sample 
was the fifth sample collected on November 9, 2013, and the sample was collected in Ohio. Soil 
identification number was also recorded on the Field Collection Record Sheet (Fig. 3). Bags 
were placed in a cooler for storage and transferred to a walk-in cooler upon returning to UT. A 












Section 2:  Nematode extraction and processing 
 Nematodes were extracted by use of a sugar flotation-centrifugation method (Jenkins, 
1964). This process involved thoroughly mixing the soil in the sample bag then transferring 100 
cm3 of soil to a one-liter plastic beaker. Approximately 800 ml of tap water was added to the 
beaker, and the mixture was stirred and allowed to soak for 10 minutes. The mixture was stirred 
again and poured onto a 60-mesh sieve nested over a 400-mesh sieve. Soil from the 400-mesh 
sieve was washed into a centrifuge tube and then centrifuged at 1500 rpm for four minutes. 
Water was carefully poured off and a sugar solution (454 g sugar to one liter water) was added to 
the centrifuge tube. Contents were stirred gently to resuspend nematodes, then centrifuged for 
one minute. The sugar solution was poured over a 400-mesh sieve and rinsed with tap water for 
five seconds; residue on the sieve was rinsed into a glass beaker. This extract was poured into a 
grid-lined viewing plate and examined with the aid of a Nikon SMZ800 dissecting microscope. 
Ring nematodes were counted and transferred to a separate viewing plate containing tap water. 
At least five living nematodes from each sample were given a nematode identification number 
(TNID) unique to that nematode, placed on a water-mount slide, and viewed under an Olympus 
BX63 Differential Interference Contrast Microscope. Images of important morphological 
characteristics were taken with a 14 megapixel Q-camera driven by a Dell T3500 computer. 
These images were used to obtain various measurements of the specimen including total body 
length and number of annules (Tables 3 & 4).   
 After imaging, the specimen was placed in 18 µl of sterile water, ruptured to release 
DNA, then transferred to a 0.25 ml PCR reaction tube and stored in a -20º freezer until shipment 
to UNL for molecular analysis. Images for each specimen were compressed into a zip-file and 
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sent to UNL so they could be added to the Criconematid Project database. In Tennessee, 300 
specimens from the Criconematidae family were processed for this research.  
Section 3: Molecular analysis 
Molecular analysis, which took place at UNL, was conducted using a 721-bp (base pair) 
double-stranded mitochondrial DNA COI gene sequence.  Master mix was assembled with 28.8 
µl ddH2O, 57.6 µl UNL-designed F5 forward primer, 57.6 µl UNL-designed R9 reverse primer, 
and 360 µl Jumpstart RED Taq ReadyMix (Sigma-Aldrich). Each 0.6 ml PCR tube was loaded 
with 21 µl of master mix and 9 µl of template from a frozen ruptured nematode specimen. Tubes 
were placed in a thermocycler for amplification. The Meso-COI cycle chosen consisted of a five 
minute cycle of initial denaturation at 94°C, fifty 30-second cycles of denaturation at 94°C, fifty 
30-second cycles of annealing at 48°C, and fifty 90-second cycles of extension at 72°C. This was 
followed by one 5 minute final extension at 24°C. After amplification, a 1% agarose check gel 
was run to confirm presence of DNA.  
Amplicons with strong bands on the check gel were run on a 0.7% agarose cleaning gel 
and processed with a PCR DNA Fragment Extraction Kit (IBI Scientific). Amplicons with weak 
bands were reamplified by dehydrating the volume of remaining template then running on 0.7% 
agarose cleanup gel. DNA bands were carefully excised, put into 1.5 ml tubes containing 50 µl  
Tris EDTA and 50 µl ddH2O, and then placed in a 65°C water bath to melt agarose.  
Reamplification master mix was made with 196.8 µl ddH2O, 57.6 µl F5 primer, 57.6 µl 
R9 primer, and 360 µl Jumpstart RED Taq ReadyMix.  Each 0.6 ml PCR tube was loaded with 
20 µl master mix and 2 µl of new template that was created during the reamplification process. 
Tubes were placed in a thermocycler for amplification with Meso-COI cycle. A 1% agarose 
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reamplification check gel was run to verify presence of DNA. Amplicons were then run on a 
0.7% agarose cleaning gel and processed with a PCR DNA Fragment Extraction Kit. Samples 
were sent to Davis Sequencing (Davis, CA). Once sequences were returned to UTK, they were 
edited with Sequencher 4.7 and were analyzed using Bayesian and maximum likelihood 
analyses. MrBayes 3.2.2 was used to determine best-fit models (Rondquist and Huelsenbeck 





















Chapter 3: Results and Discussion 
 
Section 1: Geographic distribution  
 
Bakernema inaequale is a widespread but spottily reported North American nematode 
(Norton et al. 1984), previously known from Wisconsin, New Hampshire, Vermont, New Jersey, 
Connecticut, Virginia, Tennessee, North Carolina, and Ontario, Canada (Fig. 2). For the current 
study, 203 soil samples from 15 states were collected; 150 of these samples were processed at 
The University of Tennessee, and the remainder was sent to The University of Nebraska, 
Lincoln, for processing. Specimens of Criconematidae were found in 62 of the Tennessee-
processed soil samples (11 states). Bakernema inaequale specimens were found in 29 Tennessee-
processed soil samples from seven states. In New Hampshire, B. inaequale was extracted from 
two soil samples collected in White Mountain National Forest, and in Vermont, B. inaequale was 
found in soil samples from Clarendon and Rockingham. In Pennsylvania, B. inaequale was 
collected from eight sites: Keystone State Park, S.B. Elliott State Park, Parker Dam State Park, 
Allegheny National Forest, Hyner Run State Park, Hopewell Furnace Historic Site, Michaux 
State Forest, and Caledonia State Park. In West Virginia, B. inaequale was found in soils 
collected from Monongahela National Forest and Coopers Rock State Park. This nematode was 
also found in four samples from Crane Hollow Nature Preserve in southeastern Ohio. Bakernema 
inaequale also was extracted from soil in a pure hemlock stand in Fall Creek Falls State Park in 
Bledsoe County, Tennessee. In Alabama, B. inaequale was found in soils collected in 
Choccolocco Wildlife Management Area, Talladega National Forest, and Tuskegee National 
Forest. Prior to this survey, B. inaequale had not been reported from Pennsylvania, West 
Virginia, Ohio, or Alabama. Tuskegee National Forest in Tuskegee, Alabama, is now the 
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southernmost known location of B. inaequale.  Because we only found this nematode as far west 
as Alabama and Tennessee, the westernmost boundary of B. inaequale is still considered to be 
Lake Tomahawk, Wisconsin. Because of the widespread distribution of this nematode 
throughout eastern North America, we can deduce that if the last glacial maximum of the 
Pleistocene era compressed the distribution of this B. inaequale to the southeastern US, it spread 
rapidly northward as the climate warmed again. 
Soil samples were also collected as far south as the Florida Panhandle, but these samples 
did not yield B. inaequale. Soil samples west of the Mississippi River (Big Thicket National 
Preserve, Kountze, Texas, and sites in Nevada and Utah) did not yield B. inaequale. 
Furthermore, B. inaequale has not been reported in previous collections from many other trans-
Mississippi River sites. Because soil samples from western sites did not yield B. inaequale, this 
survey supported the hypothesis that this nematode is only found east of the Mississippi River.  
One of the objectives of this research was to compare B. inaequale specimens on both the 
eastern and western boundaries of the Appalachian Mountains, as separated by the Eastern 
Continental Divide, which runs along the crest of the Appalachian chain. Because this 
continental divide ends just north of Pennsylvania, and the St. Lawrence Continental Divide 
continues through New England, specimens collected in New Hampshire or Vermont were not 
used for this comparison. Additionally, specimens collected in Monongahela National Forest in 
West Virginia fall directly on the Eastern Continental Divide; therefore, specimens collected 
there were not included in this east/west comparison. We extracted 16 B. inaequale specimens on 
the east side of the Eastern Continental Divide; three of these yielded molecular data. From the 
western side of this continental divide, 58 specimens were extracted, with 17 of these yielding 
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molecular data (see Section 3 for molecular results). Samples east of the Divide were collected 
from Tuskegee National Forest in Alabama and four sites in Pennsylvania (Hyner Run State 
Park, Hopewell Furnace Historic Site, Michaux State Forest, and Caledonia State Park). Samples 
west of the Divide were collected in Fall Creek Falls State Park, Tennessee; Talladega National 
Forest, Alabama; Crane Hollow Nature Preserve, Ohio; and four sites in Pennsylvania (Keystone 
State Park, SB Elliott State Park, Parker Dam State Park, and Allegheny National Forest).  
Section 2: Plant associations 
 
This research confirmed previous reports of some plant host associations with B. 
inaequale as described in the Introduction. Recurring previously recorded plants found at the 
collection sites included sweet gum, rhododendron, tulip poplar, American beech, Eastern 
hemlock, and various species of pine and maple (Table 1). Because most pine and maple trees 
were not identified to species in literature or in our field collection notes, it cannot be determined 
which of these, if any, have a plant host relationship with B. inaequale. Eastern white pine and 
striped maple were identified both in literature and in field collection notes, but there were other 
pines and maples at collection sites that were not identified to species. 
Additional plant species not previously reported as potential hosts for B. inaequale were 
found at many of our collection sites, although few of these were pure stands. Sycamore 
(Platanus occidentalis) was present at a collection site in Crane Hollow Nature Preserve in 
Rockbridge, Ohio. Sassafras (Sassafras albidum) was documented at three collection sites in 
Pennsylvania, including two sites in Michaux State Forest and one at Hopewell Furnace Natural 
Historic Site. At one of the locations in Michaux State forest, sassafras was the predominant 
plant species present. Although we did not observe direct feeding, we can deduce that sassafras 
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is likely a host plant for B. inaequale. Southern magnolia (Magnolia grandiflora) was recorded 
at two sites in Alabama- High Falls Trail in Talladega National Forest and another site in 
Tuskegee National Forest. This species was also the dominant woody plant at a site in Caledonia 
State Park in Fayetteville, Pennsylvania. Therefore, Magnolia grandiflora is also likely to be a 
host for B. inaequale. Various oak species were found at 15 collection sites from five states 
(Alabama, Ohio, West Virginia, Pennsylvania, and Vermont). Although oak had previously 
never been associated with this nematode in literature, half of the soil samples that yielded B. 
inaequale came from sites containing at least one species of oak. Most were not identified to 
species, but both white and red oak types were common. Some locations, such as sites in Crane 
Hollow Nature Preserve, had at least four oak species present. 
Because B. inaequale is a plant-parasitic nematode and direct feeding was not observable, 
it cannot be stated with certainty that the above listed plants are hosts for this nematode. 
However, at sites where the predominant vegetation was one tree species, the likelihood of these 
plants serving as hosts for B. inaequale is significantly increased. As previously mentioned, both 
sassafras and Southern magnolia made up most, if not all, of the vegetation at sites in Michaux 
State Forest and Caledonia State Park. A nearly pure striped maple (Acer pensylvanicum) stand 
sampled in New Hampshire in White Mountain National Forest also contained B. inaequale. 
This tree had been associated with B. inaequale by Hoffman and Norton (1976), but there was no 
indication that striped maple was the predominant vegetation at the recorded site(s). Eastern 
hemlock also was previously reported by Hoffman and Norton (1976) to be associated with B. 
inaequale, although without indication if hemlock was predominant. In the current study, B. 
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inaequale was collected from nearly pure stands of hemlock in Tennessee and Ohio. The 
Tennessee site, Fall Creek Falls State Park, was pure hemlock with almost no groundcover. 
It should be noted that many other sites contained plants associated with B. inaequale but 
did not appear to have the nematode (Table 2). Some of these sites were near areas where the 
nematode was collected. For example, ten soil samples were collected in Crane Hollow Nature 
Preserve, but only four of these samples contained B. inaequale. The other six samples were 
collected from sites with oak, hemlock, pine, and beech, all of which have been associated with 
B. inaequale (Hoffman 1974, Hoffman and Norton 1976). Nematode extraction of soils in which 
B. inaequale were expected but not found were repeated to confirm its absence. It is unknown 
why B. inaequale was present in some soil samples and not others, especially in instances where 
the vegetation was the same or similar. This could be due to the relatively small number of B. 
inaequale specimens found in each soil sample. Out of the 29 Tennessee-processed soil samples 
that contained B. inaequale, most only had one or two specimens per 100 cm3 soil. For molecular 
purposes, it is better to have five to six specimens per soil sample (Powers, pers. comm.). It often 
took two to three soil extractions to obtain this number of B. inaequale specimens from one soil 
collection. Additionally, ring nematodes can often feed for an extended period of time on the 
same plant root (Westcott and Hussey 1992), making it plausible that B. inaequale was present at 
the site but not collected in the soil cores. 
Bakernema inaequale has not been reared in greenhouse culture. However, a related 
nematode, Ogma cobbi, was successfully reared by Handoo and Golden (1988). Therefore, B. 
inaequale perhaps can be cultured in a greenhouse setting. If so, additional studies could be 
conducted to better determine specific plant hosts and host-parasite relationships. Attempts were 
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made to culture B. inaequale in a greenhouse experiment but these attempts did not succeed. For 
this experiment, seeds of herbaceous plants were planted in infested soil from Talladega National 
Forest in Alabama (Choccolocco WMA and High Falls Trail). Seeds used included various 
cucurbits, green beans, sunflower, and other annual flowers. Suspected woody hosts, Eastern 
hemlock and Eastern white pine seedlings, also were grown in infested soil in the greenhouse as 
potential culture plants. None of these plants supported B. inaequale. One likely reason this 
experiment was unsuccessful is that relatively few nematodes could be obtained from known 
infested sites close enough to visit in a day trip. 
 Successful culture of B. inaequale could provide insight into the evolution of the 
criconematid host-parasite relationship. This nematode is thought to be a basal member of the 
Criconematidae and therefore may be a very old species adapted to ancient tree species. Its 
feeding behavior and effects on attacked root cells could be much different than that of 
Mexocriconema xenoplax, which is experimentally known to induce and sustain a syncytium-like 
feeding cell on herbaceous plants (Westcott and Hussey 1992). Another problem for sustained 
cultures is that this species is believed to be obligately amphimictic; although cultures could be 
started with gravid females, successful mating would have to occur to maintain the culture. 
Section 3: Molecular Results 
 Bakernema inaequale is the sister group to both the Hemicycliophora and the 
Criconema/Ogma/Crossonema/Xenocriconemella clades (Fig. 4). All other ring nematodes have 
smooth or scalloped annules but never have distinct lobes or fringes. This arrangement of genera, 
however, does not seem to be congruent with morphology. Hemicycliophora spp. are 










































Figure 4. COI maximum likelihood tree suggesting that B. inaequale is the sister group to a 
group containing Hemicycliophora and the genera Criconema, Ogma, Crossonema, and 





long body and stylet, possession of a sheath), and the other branch (Criconema, Ogma, 
Crossonema, and Xenocriconemella) consists of species with prominent lobes or fringes. 
Xenocriconemella is an exception, as it has smooth annules. Setting aside this exception, B. 
inaequale’s sister group is characterized by fringes or a sheath. It is possible to envision an early 
line of ring nematodes possessing an attached sheath-like extra cuticle that then evolved in 
different lines to completely detached (Hemicycliophora), attached and tattered (Bakernema), or 
more substantial and thickened into lobes or regular fringes (Criconema et al.). In this scenario, 
Xenocriconemella (smooth annules) could be thought of as a highly reduced and sheathless 
Hemicycliophora, as it has many narrow annules and a relatively long, slender stylet. The 
addition of more taxa, especially Hemicriconemoides spp. (typical ring nematodes with a sheath) 
will help resolve these relationship issues. 
During this project, 92 B. inaequale specimens were extracted from 29 soil samples. Four 
specimens—T164, T258, T309, and T314—were lost prior to rupturing and freezing for 
molecular analysis. The remaining specimens were sent to The University of Nebraska, Lincoln, 
for processing. Twenty-seven of the specimens that were sent for sequencing yielded molecular 
data (Fig. 5), but other specimens were not successfully sequenced or are still awaiting 
processing. There could be a number of reasons the remaining samples did not yield sequencing 
data, including the quality and/or quantity of template DNA. Because these nematodes are very 
small (the average length of the specimens collected was 530 µm), it was not always possible to 
see that the ruptured nematode was indeed in the PCR tube. In a few cases, ruptured nematodes 























Figure 5. Phylogenetic tree of B. inaequale. Blue clade indicates that T313 and T315 are 
genetically different (by 8 base pairs) from the remaining 25 specimens. Although 
remaining samples appear on different branches, there is no more than one base pair 
difference among these samples. 
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that some tubes did not actually contain the specimen, in which case there would be no DNA to 
amplify. Rupturing technique could have perhaps had an impact as well. The PCR protocol used  
 at UNL does not include a step to lyse the specimen; thus, if the nematode was not ruptured 
properly to release enough DNA, the amplicon may not yield sequence data.  
 Two specimens (T313 and T315) from Tuskegee National Forest in Tuskegee, 
Alabama, differed molecularly from the remaining twenty-five specimens by eight base pairs 
(Figs. 6, 7), but there were no obvious morphological differences separating them from the 
remaining specimens. Only three specimens were collected in Tuskegee National Forest, with 
two specimens yielding molecular results. This is not enough data to accurately determine if all 
B. inaequale specimens in the area are genetically unique from B. inaequale collected elsewhere 
in North America, including specimens collected 90 miles north of this location in Talladega 
National Forest. However, it may be significant that the Tuskegee specimens are at the 
southernmost end of the known range of B. inaequale. These two specimens, along with T283 
from Michaux State Forest in Pennsylvania, were the only three specimens with molecular 
results that were collected on the eastern side of the Eastern Continental Divide. However, T283 
was not grouped molecularly with T313 and T315 but was instead grouped with the remaining 
specimens.  In this survey, eastern specimens did not differ molecularly from western specimens, 
but far more samples would need to be collected from the eastern side to make any conclusions. 
Overall, B. inaequale differs by 45 base pairs from the genera used to root the tree, 
Mesocriconema and Hemicycliophora. The sequence data for another Talladega specimen 















































Figure 6. Phylogenetic tree of B. inaequale scaled to show proportional differences among 
specimens. This tree demonstrates separation of T313 and T315 from the remaining 
specimens. Two separate molecular sequences were listed for T321, so these are designated 
as T321A and T321B. 
 
 23 







































Figure 7: Tree indicating base-pair differences between branches. There is a 45-base-pair 
separation between B. inaequale and the species used to root the tree. Note the 8 base-pair 





of this specimen are clearly of B. inaequale; therefore, it is likely that the sample was mislabeled 
at some point during molecular analysis.  
 Future research should include extensive sampling in Tuskegee National Forest to 
determine if all B. inaequale specimens in this location are molecularly distinct. An 8-base pair 
difference is significant, and the remaining specimens, which were collected throughout seven 
states, only had a 1-base pair difference among them. With such a small sample set that yielded 
molecular data, the status of the Tuskegee population cannot be accurately determined. 
Furthermore, sampling between Talladega and Tuskegee National Forests would ascertain 
geographically where the genetically distinct populations separate from the remaining 
populations. Future research should also include collecting additional samples on the eastern side 
of the Eastern Continental Divide to determine if there are any differences in these populations—
three specimens cannot indicate population trends.  
Section 4: Morphological Results 
Although there was little genetic variability within the specimens included in this study, 
with the exception of the Tuskegee samples, there were some morphological differences. One 
specimen (T281) from Crane Hollow Nature Preserve in Rockbridge, Ohio, showed no 
resemblance to any other B. inaequale collected for this research (Figure 8). Body shape at both 
the anterior and posterior ends was different from the described and observed morphology of B. 
inaequale. The measurements were within the normal range for B. inaequale, however, and 
molecular results confirmed the species. Another morphological characteristic that varied among 
specimens was the presence of scale-like head protrusions normally associated with B. 
inaequale. Many specimens had two head protrusions, although sometimes the size and/or shape 
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of these protrusions varied. However, there were some specimens that did not appear to have any 
scale-like protrusions extending from the head annule (Figure 9). The tail of some specimens 
appeared to be more pointed, while others appeared to be more rounded (Figure 10). Annule 
scale shape varied as well. Some specimens had a wide, squared-off scale shape while others had 
a narrow, more pointed shape (Figure 11). However, none of these morphological differences 
were correlated with molecular differences.  
Geographic distribution was not necessarily an indication of morphological differences. 
For example, T281 was 1 of 16 B. inaequale specimens collected from Crane Hollow Nature 
Preserve, Ohio, yet it did not resemble other Crane Hollow specimens. Additionally, specimens 
collected on the eastern side of the Eastern Continental Divide did not differ morphologically 
from specimens collected on the western side of the Divide. Length of specimens varied slightly 
between the eastern and western sides of the Divide. Average length of eastern specimens was 
527.8 µm, and average length of western specimens was 519.1 µm (Table 5). However, there 
were only 16 B. inaequale specimens collected from the eastern side compared to 76 examples 
from the western side, so the comparison is not numerically balanced.  
Measurements were analyzed to determine if specimen body length was related to either 
stylet length (Figure 12) or number of annules (Figure 13). There was no significant relationship 
between body length and stylet length or total number of annules. In fact, annule number did not 
increase with body length. Some of the longer specimens had the same number of annules as 
shorter specimens.  
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Section 5: Conclusion 
 Bakernema inaequale should be researched more thoroughly, as this study only skimmed 
the surface of the complexity of this species. This was a highly focused survey because we 
sampled primarily in the Appalachian ecoregions. Since B. inaequale has only been reported in 
the eastern United States, east of the Mississippi River, it would be ideal to sample soil from 
corresponding locations on both the east and west sides of the Mississippi River as well as sites 
farther west to give insight into the full distribution of this nematode. An extensive survey of 
Tuskegee National Forest in Alabama is necessary to better understand the genetic variability of 
B. inaequale in this location. Other sites in Alabama should also be sampled to determine 
geographically where the molecular differences in this species begin. We found no differences 
molecularly or morphologically between specimens collected from the eastern and western sides 
of the Eastern Continental Divide; however, the discrepancy in the number of samples indicates 
this comparison should be revisited. If B. inaequale could be successfully reared in greenhouse 
culture, it would open up opportunities to explore plant host range in a controlled setting. 
Additionally, collecting specimens from the type localities of other Bakernema species reported 
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Table 1. Soil samples that yielded B. inaequale along with site elevation (in feet) and 
surrounding predominant vegetation. First 2 letters of the soil ID indicate the state in 
which the sample was taken. The numbers that follow show the date sample was collected. 





Soil ID Location Vegetation Elevation 
AL20130328-02 High Falls Trail Magnolia, beech, oak, pine, 
Sweet Gum 
997’ 
AL20130328-03 Choccolocco WMA  Pine, oak, beech, ferns 728’ 
WV20130813-01 Monongahela Nat’l Forest Maple, beech 3020’ 
WV20130813-02 Monongahela Nat’l Forest Maple, beech 2900’ 
WV20130813-03 Coopers Rock State Park Maple, oak 2271’ 
PA20130813-05 Keystone State Park Tulip Poplar, maple, oak Unknown 
PA20130814-01 SB Elliott State Park Oak, maple, coniferous trees, 
ferns 
2163’ 
PA20130814-02 Parker Dam State Park Predominantly conifers (pine, 
fir, spruce), beech 
1683’ 
PA20130814-03 Allegheny Nat’l Forest Maple, oak, beech, ferns 1741’ 
PA20130814-05 Hyner Run State Park Maple, birch, pine, hemlock 837’ 
PA20130815-01 Hopewell Furnace Historic Site Sassafras, ash, oak, maple, ferns 409’ 
PA20130816-01 Michaux State Forest Mostly sassafras, some maple, 
oak, pine 
1494’ 
PA20130816-02 Michaux State Forest Pine, sassafras, elm, oak, maple 1583’ 
PA20130816-03 Caledonia State Park Predominantly magnolia 805’ 
OH20131109-05 Crane Hollow Nature Preserve Hemlock, beech, oak 1023’ 
OH20131109-06 Crane Hollow Nature Preserve Hemlock 924’ 
OH20131110-03 Crane Hollow Nature Preserve Green ash, sycamore, tulip tree, 
some yellow & river birch 
804’ 
OH20131110-05 Crane Hollow Nature Preserve Virginia pine, red maple 1075’ 
TN 123 2014-11 TN Hemlock Forest Hemlock  
AL20140728-02 Talladega Nat’l Forest Ferns, oak, grasses 907’ 
AL20140728-06 Choccolocco WMA Oak (Chinkapin, red, white), 
some pine and wild grape 
929’ 
AL20140728-08 Choccolocco WMA White oak, red oak, maple 907’ 
AL20140728-09 Choccolocco WMA Pine, rhododendron, sweet gum, 
beech 
1247’ 
AL20140729-01 Tuskegee Nat’l Forest Pine, beech, oak, sweet gum, 
greenbriar 
284’ 
AL20140729-04 Tuskegee Nat’l Forest Mostly young beech, some 
magnolia and pine 
313’ 
NH20140801-01 White Mtn Nat’l Forest Mostly hemlock, some birch Unknown 
NH20140801-04 White Mtn Nat’l Forest Striped maple Unknown 
VT20140804-01 Missing Link Rd Mixed hardwood Unknown 
VT20140804-03 Bump Road Beech, red oak, hemlock Unknown 
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Table 2. Tree species found in soil samples collected in known geographic region of B. 
inaequale. This table includes vegetation data from 111 soil samples collected in 10 states 
(TN, AL, GA, NH, NY, OH, PA, VA, VT, WV). 
 
Tree species  Total samples Samples with B. inaequale 
Ash (Fraxinus spp.) 2 2 (100%) 
Beech (Fagus grandifolia)1 29 11 (38%) 
Birch (Betula spp.) 17 4 (24%) 
Dogwood (Cornus spp.) 2 0 
Eastern Hemlock (Tsuga canadensis)2 23 7 (30%) 
Elm (Ulmus spp.) 1 1 (100%) 
Holly (Ilex spp.) 4 0 
Ironwood (Ostrya virginiana) 2 0 
Magnolia (Magnolia grandiflora)3 4 3 (75%) 
Maple (Acer spp.) 33 15 (45%) 
Oak (Quercus spp.) 51 15 (29%) 
Pine (Pinus spp.)  47 11 (23%) 
Rhododendron (Rhododendron spp.) 10 1 (10%) 
Sassafras (Sassafras albidum)4 5 3 (60%) 
Sweet gum (Liquidambar styraciflua) 12 3 (25%) 
Sycamore (Platanus spp.) 3 1 (33%) 












                                                 
 
1 Of 29 sites with Fagus grandifolia, two of these sites were predominantly beech. However, B. inaequale was not 
recovered from either of these sites. 
2 Of the 23 sites with Eastern hemlock, four sites were either pure hemlock stands or predominantly hemlock. 
Bakernema inaequale was recovered from two of the four sites. 
3 One of these four sites had magnolia as the predominant plant species present. B. inaequale was recovered from 
this site. 
















































TNID Nematode identification number 
Extraction Date  
Photo/Smash Date  
Measure Date  
Soil ID Ex: OH20131109-05 
Location Ex: Crane Hollow 
Length In µm 
MBW Midbody width  
VBW Vulval body width 
ABW Anal body width 
Stylet Length in µm 
Stylet knobs Width in µm 
Shaft Length in µm 
Esophagus Length in µm 
DEGO Dorsal gland orifice 
Lip annule width In µm 
Tail length (from V) In µm 
10 annules = In µm 
R Number of annules 
Rex Annules to excretory pore 
Rv (vul to tail tip) Number of annules- vulva to tail 
Rvan (vul to anus) Number of annules-vulva to anus 
R anus to tail Number of annules-anus to tail 
Anastamoses  
Submedian lobes Yes or no 




Table 4. Morphometrics of B. inaequale specimens collected for this survey. All 
measurements are in micrometers. MBW= mid-body width; VBW= vulval body width; 
ABW= anal body width; DGO = dorsal gland orifice. 
 
TNID # State Length MBW VBW ABW Stylet 
Stylet 
knobs 
Shaft Esophagus DGO 




T252 TN 556.9 47.6 39.1 29.6 70.2 11.9 11.2 136.9 5.1 
T253 TN 547.4 48.7 40.9 32.0 63.8 10.6 11.4 138.0 
 
T254 TN 533.6 57.5 43.8 31.2 68.4 11.5 
 
136.8 3.8 





T59 AL 532.3 64.6 50.5 
 
78.5 10.7 11.1 
  
T60 AL 561.4 57.7 49.6 
 
63.5 11.6 
   
T43 AL 
 
50.5 40.5 31.5 63.3 10.5 
   
T63 AL 515.7 49.8 41.6 34.3 69.9 11.5 18.9 
  
T302 AL 451.8 53.3 36.3 30.5 67.2 11.8 13.9 124.2 
 




T305 AL 571.7 49.8 41.8 28.3 67.3 11.2 13.1 122.3 4.6 
T306 AL 447.8 53.4 40.9 29.2 65.7 10.7 12.7 122.3 
 
T303 AL 430.1 46.9 
   
11.1 
   
T307 AL 539.0 45.5 35.6 29.5 61.7 11.3 14.3 122.8 
 




T309 AL 472.0 54.4 40.7 27.3 67.2 11.5 
 
109.5 5.2 




T311 AL 491.9 47.2 41.5 
 
69.1 11.1 13.2 123.3 
 
T312 AL 409.5 46.6 39.0 25.7 
 
10.2 
   





Table 4 (continued) 
TNID # State Length MBW VBW ABW Stylet 
Stylet 
knobs 
Shaft Esophagus DGO 
T314 AL 483.6 49.6 40.5 29.3 63.8 11.7 12.1 120.7 3.9 
T315 AL 527.0 49.0 40.5 34.5 66.7 10.3  125.5 5.7 
T327 NH 521.5 46.5 35.6 26.9 64.0   135.5  




T329 NH 563.4 52.8 49.5 31.3 65.1 10.7 11.7 130.1 
 
T330 NH 599.1 56.3 43.7 32.8 68.2 11.1 13.8 141.1 
 




T332 NH 590.0 59.3 
  
69.6 
    




T334 NH 643.4 62.5 52.0 35.6 74.7 12.8 
 
147.6 5.0 




T287 OH 526.7 64.9 43.4 28.6 68.1 11.5 12.1 132.9 
 










T123 OH 507.7 64.2 48.1 36.5 67.9 11.4 10.4 124.5 
 
T125 OH 486.5 56.1 35.4 28.1 70.1 9.7 12.7 129.2 
 
T288 OH 572.9 53.2 40.8 30.6 63.0 11.0 12.6 133.9 
 




T291 OH 562.2 54.0 38.0 28.4 69.6 12.4 12.0 132.5 4.8 
T281 OH 514.2 49.6 41.9 
 
62.6 11.6 11.1 132.9 4.5 
T256 OH 522.0 55.8 43.1 30.7 70.7 11.9 10.5 133.3 3.5 
T257 OH 508.1 55.6 41.9 31.8 66.3 11.0 11.5 133.1 4.4 
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Table 4 (continued) 
TNID # State Length MBW VBW ABW Stylet 
Stylet 
knobs 
Shaft Esophagus DGO 
T258 OH 534.0 52.6 42.6 31.4 64.6 11.2 
 
129.3 6.9 
T290 OH 563.9 61.2 43.4 28.0 69.7 12.0 11.6 128.2 9.2 
T292 OH 546.9 55.8 42.9 30.4 64.0 12.4 13.0 131.0 8.2 




T210 PA 519.8 54.7 39.0 32.4 69.4 13.0 11.8 126.0 
 






T212 PA 537.9 62.6 44.3 34.3 66.8 11.5 12.0 134.4 4.6 
T297 PA 531.4 55.8 
       
T298 PA 528.0 55.8 42.6 36.3 66.1 10.6 10.9 121.4 
 
T265 PA 616.5 44.5 40.2 27.3 67.0 7.3 13.8 138.8 
 
T272 PA 431.9 43.4 37.9 29.3 65.0 11.0 
 
112.4 5.1 
T273 PA 533.6 52.9 46.1 34.6 68.7 11.2 11.6 125.6 
 
T285 PA 576.0 67.9 49.5 32.7 67.7 12.2 11.0 130.3 4.9 
T286 PA 581.4 51.3 
  
66.9 11.5 11.1 142.5 3.9 




56.0 37.9 29.4 67.0 11.6 11.3 135.2 8.3 
T185 PA 474.3 55.9 44.5 35.9 65.6 11.6 11.2 129.7 2.8 
T299 PA 419.5 47.8 42.0 29.0 67.1 11.3 11.9 126.9 5.4 
T300 PA 538.9 49.4 38.4 31.9 59.3 11.6 11.6 126.0 5.0 




T187 PA 496.4 55.3 44.2 33.9 69.1 12.0 
 
137.7 6.5 
T188 PA 553.9 66.0 43.8 37.8 65.8 12.5 11.1 140.3 4.3 
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Table 4 (continued) 
TNID # State Length MBW VBW ABW Stylet 
Stylet 
knobs 
Shaft Esophagus DGO 
T189 PA 516.0 57.2 46.3 39.1 63.0 10.5 11.2 129.3 4.3 
T294 PA 433.6 50.0 41.3 27.1 61.0 10.8   5.1 
T295 PA 524.4 52.7   64.6 11.8 11.3 125.2  
T176 PA 551.0 54.8 45.4 39.1 68.4 11.8 11.5 132.2 3.8 






T164 PA 529.5 61.7 45.2 31.0 64.9 10.5 11.3 145.1 
 
T165 PA 571.8 44.1 41.1 32.7 67.7 12.1 10.9 126.1 
 
T166 PA 544.1 55.4 
  
70.0 11.4 12.8 133.2 8.6 
T235 PA 474.1 49.7 43.9 33.7 64.1 10.9 12.2 122.9 
 
T240 PA 557.6 54.0 47.4 23.2 68.8 10.5 13.4 136.1 
 
T241 PA 578.8 47.1 40.4 32.3 65.5 10.2 
 
136.7 5.8 
T242 PA 538.0 48.4 39.1 32.0 67.8 10.2 14.1 125.3 4.9 
T250 PA 527.4 50.8 40.3 32.9 63.4 9.7 
 
123.3 5.7 
T283 PA 517.4 58.8 
  
67.1 11.4 11.9 125.4 
 






T244 PA 564.7 50.7 34.0 25.5 63.1 10.2 11.6 129.2 
 
T321 VT 543.0 52.4 42.1 30.6 64.1 9.8 11.7 129.2 
 
T322 VT 562.1 52.3 42.9 29.4 68.2 11.1 13.8 133.3 
 
T324 VT 572.0 62.3 39.9 33.6 70.4 10.4 22.7 133.7 
 
T325 VT 522.3 56.1 
  
65.5 11.9 
   
T326 VT 551.9 53.3 40.2 24.5 66.1 11.3 13.0 125.8 
 



































Table 4 (continued) 
TNID # State Length MBW VBW ABW Stylet 
Stylet 
knobs 
Shaft Esophagus DGO 
T317 WV 528.7 68.1 50.4 37.8 65.8 11.3 13.2   
T223 WV 536.7 48.5 37.6 24.4 64.9 9.6  130.4  
T318 WV 475.9 68.0 45.0 27.3 68.0 10.8 13.9 
 
3.6 
T215 WV 547.5 47.6 38.9 31.4 65.3 12.2 12.4 123.5 
 
T216 WV 484.6 48.5 37.5 28.9 67.4 11.3 12.8 124.5  
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Table 5. Bakernema inaequale specimens collected on both eastern and western sides of the 




TNID # State Length TNID # State Length 
T313 AL 482.5 T251 TN 574.1 
T314 AL 483.6 T252 TN 556.9 
T315 AL 527.0 T253 TN 547.4 
T176 PA 551.0 T254 TN 533.6 
T157 PA 579.4 T58 AL 354.9 
T164 PA 529.5 T59 AL 532.3 
T165 PA 571.8 T60 AL 561.4 
T166 PA 544.1 T63 AL 515.7 
T235 PA 474.1 T302 AL 451.8 
T240 PA 557.6 T304 AL 524.8 
T241 PA 578.8 T305 AL 571.7 
T242 PA 538.0 T306 AL 447.8 
T250 PA 527.4 T303 AL 430.1 
T283 PA 517.4 T307 AL 539.0 
T284 PA 418.0 T308 AL 540.9 
T244 PA 564.7 T309 AL 472.0 
  
  T310 AL 473.6 
   
T311 AL 491.9 
   
T266 OH 587.7 
   
T287 OH 526.7 
   
T319 OH 539.3 
   
T320 OH 545.6 
   
T123 OH 507.7 
   
T125 OH 486.5 
   
T288 OH 572.9 
   
T289 OH 523.1 
   
T291 OH 562.2 
   
T281 OH 514.2 
   
T256 OH 522.0 
   
T257 OH 508.1 
   
T258 OH 534.0 
   




Table 5 (continued) 
 
East West 
TNID # State TNID # State 
TNID 
# State 
   
T292 OH 546.9 
   
T293 OH 460.6 
   
T210 PA 519.8 
   
T211 PA 567.0 
   
T212 PA 537.9 
   
T297 PA 531.4 
   
T298 PA 528.0 
   
T265 PA 616.5 
   
T272 PA 431.9 
   
T273 PA 533.6 
   
T285 PA 576.0 
   
T286 PA 581.4 
   
T183 PA 497.5 
   
T185 PA 474.3 
   
T299 PA 419.5 
   
T300 PA 538.9 
   
T301 PA 537.2 
   
T187 PA 496.4 
   
T188 PA 553.9 
   
T189 PA 516.0 
   
T294 PA 433.6 
   
T295 PA 524.4 
   
T215 WV 547.5 
   
T216 WV 484.6 
Average 527.8 Average 519.1 



















































































































































































































































































































































































































































































































Figure 9: Head and tail ends of nematode T281 collected in Crane Hollow Nature Preserve. 
This specimen had unusual recurved scales with rough fringe on the ends. This 
ornamentation did not resemble other B. inaequale specimens but molecular data indicated 


















Figure 10: Variability of head scales in B. inaequale. 
(Top) T183 from Parker Dam State Park, PA- lacks the 2  
head protrusions normally associated with B. inaequale.  
(Bottom) T242 from Michaux State Forest, PA- has 2 small  




















Figure 11. Shape of tail can very among specimens, some being more pointed (left) and 




























































Figure 12. Shape of annule scales can vary as well. Some specimens have square-shaped 
scales while some specimens have scales that are more pointed. Some specimens have a 
























Figure 13. Relationship of body and stylet length for 74 specimens of Bakernema inaequale 
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